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PREFACE

This report sets forth final results of continued research in the
development of a Ground Support Prediction Model (RSR Concept) for
prectical usage to civil and/or mining applications. The study effort was
undertaken by Jacobs Associates in accordance with terms of Contract
No. H0220075 dated June 7, 1972 with the Bureau of Mines, Department of

the Interior. It is an extension of work previously performed under Contract

No. H0210038 and is part of ARFA's Military Geophysics program directed
toward improvement of underground rapid excavation technology.

The Contracting Officer is Mr. Frank Piaviich, Bureau of Mines,
Denver Federal Center; the Project Technical Officer is Mr. Lugene H.
Skinner, Spokane Mining Research laboratory. Mr., Skinner has taken an

active part in the research effort being part of the field study team, and has

contributed information contained in Appendexes D, & E. Historical tunnel
data and records used in developing the prediction model were provided by
different government and private agencies. Many individuals of the construc-
tion industry provided suggestions, comments and criticisms of the RSR
concept which were most helpful in final evaluations. Both civil and mining
operators were very cooperative during the inspection and gathering of field

data pertaining to on-going projects. The help and assistance of these and

others who contributed to the research effort is fully appreciated.
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INTRODUCTION

The need for ground support research in rapid underground excavation
has been well identified in recent years. Two of the major problem areas
are: 1) to find means of predicting rock loads in advance of actual construc-
tion; and 2) to develop methodology for determining safe, efficient, and
economical ground support design practices.

Nnting these needs, the Bureau of Mines, acting as agent for the
Advanced Research Projects Agency, has undertaken contract research efforts
relating to the problem. One such study - "Research in GCround Support and
Its Evaluation for Coordination with System Analvsis in Rapid Excavation"
(1)*developed and proposes a methodology for predicting subsurface conditions
based on pre-construction geologic data and correlating such predictions
with appropriate ground support systems. The overall methodology developed
is the Rock Structure Rating (RSR) concept. The purpose of the presen' research
is to extend this prior work to areas of limited data; to evaluate industry
acceptance of the RSR techniques, to undertake field implementation and to
assemble findings and data into final format emphasizing its usage. In add-
ition, the appendixes of the report contain brief comments and review of new
concepts of ground support, rock and support classification methods and
remote sensing devices all of which are relevant to the general area of

predicting ground support for future tunnels.

* refers to reference at end of report.




SUMMARY

The difference between a successful and unsuccessful tunneling

operation can usually be traced to some form of 'misinterpretation" of sub-
surface conditions during the pre-construction period. Although present
tunnel site investigations normally provide adequate localized geological
information, in many instances projections to tunnel grade and the resulting

influence on suppcri requirements, are dependent on the individual making

the projection. This is due partly to differences in discipline oriented
methods of evaluating and analyzing available data; lack of an accepted
common method of correlating past tunneling experiences with conditions of
on-going or future projects and lastly, the ever present legal conflict of

responsibility when encountered sub-surface conditions are not the same as

anticipated.

A technique or procedure which would provide a reliable method of
predicting and projecting support needs for the rock structure to be penetrated
would be of great benefit to the tunneling industry, Barring the unlikely
event of an early breakthrough in geophysical techniques; any improvement of
the 'art' of predicting sub-surface conditions must rely heavily on better
utilization and correlation of past tunneling experiences with data and infor-
mation available from present technologies of tunneling, geology, and rock
mechanics.

The ground support prediction model described in this report presents

a solution to this problem. It is based on an emoirical relationship between




actual ground support installations and prebid geological information as
determined from a study and review of 53 tunnel projects. The model considers
and incorporates the experience, judgment, and opinions of qualified indi-
viduals involved in all aspects of underground construction. The format of
the RSR model is presented in terms commonly used in the tunneling industry,
is fairly simple to use, and is capable of "up-dating" or modification as may
be dictated by continued use or inclusion of more exacting data which might
become available.

In essence the RSR method provides a common method for evaluating
and rating, on a numerical scale, the competency or physical quality of a
rock structure with respect to its need for structural support. This is accomp-
lished by use of three weighted parameters, each of which considers the
relative effect on the support requirement as occasioned by various combina-
tions of geologic and construction factors. Quantitative and qualitative
cppraisals of several factors; such as rock type, strike and dip, joint pattern
and direction of drive can normally be made on the basis of information
available in the pre-construction period. The weighted value assigned to
cach parameter is determined by considering the appropriate limits of measure
and possible occurence of respective factors as depicted on the model format.
A Rock Structure Rating (RSR) is obtained as the sum of values determined for
each of the three parameters. It is a relative measure of the rock structures
need for support irrespective ol tunnel size, and provides a means of correla-
ting geological information with actual or predicted support requirements.

Empirical relationships between determined RSR values, rock loads,




tunnel size and steel rib, rock bolt, and shotcrete support were developed
from casc history data and various theoretical and analytical methods of
ground support determination. Support requirement charts are presented herein
which delineate appropriate support systems required for various sized tunnels
driven through different ranges (different RSR values) in rock structures. They
do not include or apply to soft ground or squeezing ground conditions.

The overall concept of the ground support prediction model was
critically reviewed by 25 individuals of the tunnel industry. Suggestions,
criticisms, comments, changes and modifications have been incorporated in
the RSR as deemed appropriate. The general consensus was 1) a ground support
prediction model is needed, 2) empirical correlation of geology and ground
support is a reasonable approach, 3) the proposed model considers and
evaluates the most important factors involved in determination of ground
support, 4) the moadel should be expanded to include a greater variety of
tunneling situations, 5) dimensional rather than descriptive terminology
should be used to define geologic factors, and 6) provides a common means
of comparing, checking and correlating encountered conditions with predictions
and/or results obtained by use of other techniques.

It would be impossible to consider and treat separately all situations
and respective requirements as expressed by various disciplines involved in
tunnel construction. Consequently the prediction model is structured so as
to present a reasonable compromise between theory, actual practice and other
presently accepted standards or criterion. It is not intended to be an exact

measure of a particular support member at a specific location but rather to make




realistic appraisals of overall support requirements for future tunnels.

The validity or reliability of the model was, and i1s beinu, tested by

field epplication to several on-going projects. Results to date, although

not conclusive, show a reasonable correlation between predicted support

requirements and actual installations. Practical usage to either mining or

civil applications depends to a large extent on the degree of confidence
developed through continued use.

The attached appendixes include: A - Individual comments pertaini 1g

to the RSR evaluation. B - Descriptions and evaluation of newly developed

tunnel support methods and innovative support methods proposed in connec-

ticn with these contracts. C - An example of RSR concept application to a
hypothetical tunnel situation. D - A discussion of rock classification systems.

E - A discussion of remote sensing systems as applied to geologic investiga-

tions.

ARPA RECOMMENDATIONS

Achieving the defined goals of ARPA related to underground rapid
excavation required the development of (1) a more reliable method of predict-
ing ground support requirements, and (2) an adequate ground support system
which can be installed with little or no reduction in the anticipated heading
advance rates of unsupported tunnels. The Rock Structure Rating (RSR) and

the Rib Ratio (RR) procedures, and the ground support concepts developed in

this contract provide means for achieving the goals of safe, efficient, and
economical ground support systems suitable for the needs of the Department

of Defense (DoD) military oriented programs as well as having civil and mining

application,

XI




SECTION 1

ROCK STRUCTURE RATING CONCEPT

% | INTRODUCTION

An objective of the present research effort was to extend, verify,
and modify the ground support prediction model previously developed
under Contract No.HO 210038 (I). This section of the report presents a
general review of the methodology used in developing the initial model
which is referred to as the Rock Structure Rating (RSR) concept. Appropriate
revisions and modifications determined from the present research effort are
discussed in Sections 2, 3 and 4. The finalized prediction model including

appropriate derivations is presented in Section 5.

l.2 BACKGROUND

In most cases the inclusion of the ground support subsystem in the
overall tunneling process has a very adverse effect on daily advance rates
that could otherwise be achieved in driving an unsupported tunnel. This is
especially true when using a boring machine or other innovative method of
excavation. Delays are due largely to the inability of knowing in advance
the need for or type of ground support which may be required.

Advancing a heading at 200 feet or more per day, allows little time
for making ground support determinations on the basis of in situ test data,

The use of long horizontal probe holes ahead of the face give indications of

potential major problems more than suggesting support requirements. These




and other limitations of present techniques point out the necassity for de-
veloping some method by which an adequate support system and assoclated
method of installation can be determined in the pre-con:struction period and
realistically projected along the tunnel line. Within limits of presént—day
technology, these determinations must be based on predictions of subsur-
face conditions and subsequent evaluation of the relative effect of all perti-
nent geologic and construction factors on the ground support requirement,

Any prediction method is essentially an 'art' which in the case of
ground support, involves the collective consideration of personal experi-
ences, judgements and observations as well as rooults, findings, and con-
clusions derived from the sciences of geology and rock mechanics. Present
improvement of the 'art' depends to a large extent on better utilization and
correlation of historical tunneling data with theoretical Cesign and practical
experience of many years of tunnel construction. This process is compli-
cated by: 1) discrepencies in terminology and respective meaning as used
by different disciplines to describe or define pertinent factors and their re-
sulting effect on support requirements; and 2) the fact that no two tunneling
situations are identical with respect to eithcr geological conditions or con-
struction and contractual requirements.

Any attempt to critically analyze and evaluate all possible combina-
tions of factors inherent to the prediction of ground support would be virtual-
ly impossible and would not be warranted when viewed with respect to the

overall tunneling operation. However, it is desirable that some form of a
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prediction method be developed which would provide realistic solutions to
be used in the planning and construction of future tunneis; be capable of
common evaluation by varions disciplines and alleviate as much as possible
the perpetual controversies arising from 'changed conditions’.

There has probably been numerous occasions where similar solutions
have been reached, even though there may have been significant differences
in methods of analysis and approach to the problem. Seldom, however, are
such determinations, reasoning or conclusions adaptable to comparison or
evaluation with respect to each other or to future projects. In many instan-
ces it would be difficult to subsequently re-evaluate a specific project for
reasons why the initial support prediction had or had not been correct,

The KSR prediction model provides a standard approach with the po-
tential for uniform solution to the problem. It is not intended to technically
define a particular structural support member for a specific tunnel location,
but rather to make an evaluation of a support system which would afford a
near optimum solution to the tunneling process. It is an effort to bridge the
gap between a highly theoretical analysis and the more practical aspects of
the tunnel constructors. Although no prediction model could be all inclusive
for every possible situation, the RSR concept gives a fairly straightforward
common basis for evaluation and correlating major geologic and construction
factors which affect support requirements for most rock tunnels. In a general
way, it could be compared to procedures used to define or rate many other

engineering materials, such as timber, wherein each board is graded with
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respect to numerical occurrence and limits of measure (size of knots, etc,)
of various defects which are present, The RSR method is essentially an
empirical approach to the problem, based on historical data; review and
evaluation of findings and conclusions presented in published papers peor-
taining to geology, rock mechanics and theories of support determinations,
and consideration of the practical aspects of tunnel construction, It can be
modified as may be dictated by field testing, continued research or critical
review by the tunnel construction Industry. The reader is referzed to Refer-

ences 1 and 2 for additional detail regarding the RSR concept,

1.3 FACTORS AFFECTING GROUND SUPPORT

The need for ground support depends on the physical competency of
the rock structure or its ability to support itself when penetrated by the tun-
neling operation. Approximation of this need can be made by considering
various geologic and construction factors which in one way or other affect
the quality or condition of the exposed structure, The RSR concept groups
pertinent factors into three basic parameters, each of which is subsequently
evaluated with resyect to their individual or combined relative effect on the
Support requirement. Geologic factors include: 1) rock types, 2) joint
patterns, 3) dip and strike, 4) discontinuities, 5) faults,shears and
folds, 6) ground water, 7) rock material properties and 8) weathering

or alteration. Construction factors relate to: 1) size of openings, 2) di-

rectiori of drive and 3) method of excavation.




Although it is apparent that comments could be made as to whether

or not the above factors are all inclusive; reflect most important considera-

tions; or are synonymous or ambkiguous in meaning, they do relate to those
conditions commonly considered in determining support requirements and

are usually definable to some degree from information provided in the pre- 1

construction period.
Geologic factors can be considered individually withir a range of
possible occurrence and collectively with respect to their relative cffect

on the rock structure. For instance, a rock may be described in terms of

hardness: such as Mohs' scale or other analogies, and also in terms of

various joint or fracture patterns. An overall evaluation must consider both
properties or conditions and the relative mix of each., It is aiso necessary
to consider the various geologic factors with respect to size of opening,
direction of drive and method of excavation. Each combination of geologic
and construction factors requires that different evaluations be made in deter-
mining the need for ground support. An appraisal of the above factors with

respect to the RSR concept is given in Reference 1.

1.4 DEVELOPING THE RSR_CONCEPT

Oe or more predictions cf ground support requirements are made for
every tunnel that is constructed. They are usually based on an individual's
personal evaluation of available geologic and construction data which would

affect the tunneling process and generally include information obtained from

site and core inspections, review of geology reports and past tunneling




experience. Although considered factors ard analyses may differ, most
individuals probably use similar methods of evaluation. The RSR concept
attempts to put this genecral thought process for evaluating rock structure
into a format which could be commonly used and understood by all involved
in tunnel construction, It was apparent that all requirements expressed by
different disciplines could not be treated separately, consequently, various
generalizations and compromises were made, all in keeping with the goal of
reaching realistic solutions. Consideration was made of the following:
1) Typical geologic information available in the pre-construction
period.
2) Types of geological investigations used and reliability of
developed data,
3) Most important geologic factors to be considered with respect to
their effect on the physical condition of the rock structure.

4) Methods of measuring the qualitative and quantitative properties

of each factor.
5) Relative effect on ground support requirements,
6) Development of a general method or procedure of rating the rock
structure.
Since the direction of drive with respect to the strike and dip of the
formation affects the apparent quality of the rock structure, this factor is
also included in the RSR concept. The physical effect on support require -

ments due to size of opening and method of excavation are treated separately,




A basic format was established which listed all factors and limits
of measure for both quantitative and qualitative properties. A weighted
numerical value was assigned, which reflected the relative effect of the
factor on the overall support requirement, the rock structure rating being
the sum of weighted values cetermined for the applicable factors. The high-
er numbers indicating 'good' ground conditions, wherein little or no support
would be required, the lower numbers indicating various degrees of heavier
suppcrt, The initially assigned weighted values were based on evaluations
of actual tunneling situations similar to those envisioned for the prediction
model. Although there was a tendency to include all factors and combina-
tions thercof, it was realized that the detailed information needed for such
an approach would rarely be available in the pre-construction period. Also,
inherent unknowns in any prediction of subsurface conditions are such that
attempts to specifically define all factors would not be warranted. Conse-
quently, the original concepts were revised and condensed into three basic
parameters as shown on Figure 1.1. The parameters include most of the
above mentioned factors and indicate the combined relative effect on ground
support requirements as determined for various combinations and conditions.
They also reflect the interdependency of different factors in the overall eval-
uation of the rock structure,

Parameter A is a general appraisal of rock structure through which
the tunnel is to be driven. Geological information needed to cefine the

limits of measure and describe the stiucture is available in the pre-construc-
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tion period. It is usually presented in terms compatible to all disciplines,
such as "massive granite"” or "intensely folded serpentine". The assigned
weighted value for Parameter A in the first instance would be 30; in the
second, 9.

Parameter B relates the joint pattern (strike, dip and joint spacing)
and the direction of drive. Most surface geology surveys or maps give an
indication of the strike and dip of various formations. Therefore, such data
is ordinarily available. Direction of drive is determined from project plan-
ning. There are usually several sources of information that can be used in
determining the anticipated average joint spacing of the rock structure.
Geological terms such as "closely jointed" or "blocky", driller's logs,
core analysis or RQD indices are examples. Geology reports usually give
some description of anticipated joint spacing. Defining this factor is diffi-
cult but it is felt that reasonable approximations can be made by considering
all available information. For purposes of the RSR method of evaluation,
five numerical limits of measure were chosen for joint spacing, The respec-
tive bracketed words in the left hand column of Parameter B (Figure 1.1) are
used to show intended correlation or equivalency between the agiven numeri-
cal limits and common geological terminology. The value to be assigned to
Parameter B can be obtained from the table hy considering appropriate limits
of measure determined for joint spacing with respect to applicable strike and

dip of the formation and direction of drive,
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Parameter C takes into consideration the following: 1) the overall
quality of the rock structure as indicated by the numerical sum of values

assigned to Parameters A and B; 2) the condition of joint surfaces, and

3) the anticipated amount of water inflow, Establishing limits of measure

or estimating possible occurrence of the last two factors is normally left

to the discretion of the contractor. Data pertaining to pump tests, local
wells, around water levels, surface hydrology, topography and rainfall
should be considered in conjunction with the anticipated geological formation
in estimating ground water inflows. Condition of joint sivrfaces would be
appraised from surface or historical geology, driller's log or inspection of
core samples. The RSR method allows for three types or conditions of
joint surfaces which are described as: 1} tight or cemented, 2) slightly
weathered and 3) severely weathered or opened; and four quantitative esti-
mates of water inflow. The value assigned to Parameter C is obtained from
the table by using the limits of measure determined for the different factors.
The RGR value of the particular geological section under considera-
tion is the numerical sum of Parameters A, B and C, These values, which
range from 25 to 100, reflect the quality or competency of the rock structure
regardless of size of tunnel opening or method uf excavation. Each distinct
formation penetrated Ly the tunnel would require separate analysis with
respect to RSR values,

To verify the appropriateness of the concept, a study was made of

previous tunnel construction records to see ’: reasonable evaluation of the




quality of the rock structure could be made. Some 33 tunnels were studied,
each being divided, as appropriate, into separate geologic sections. This
provided approximately 100 sample sections. In most cases, RSR evaluations
were made on the basis of information which had been provided in the pre-
construction period, in others, additional as-built data was used. Results
indicated that in general, it would be possible to make a resonable apprais-
al of the quality of the rock structure by use of the RSR concept in conjunc-
tion with information normally provided in the pre-bid period. The next step
was to develop some relation between the RSR values and support require-
ments.

In order to make this RSR-support correlation it was necessary to
develop a standard datum by which different supports could be compared on
a common basis. Since the majority of case history tunnels were supported
with steel ribs it was decided to use a measure that would relate actual
support installation to some thec-etical support (rib size and spacing) which
could be similarly determined for each study tunnel. This measure, desig-
nated as the Rib Ratio (RR}, was developed from Terzaghi's formula for deter-
mining roof loads in loose sand below the water table (datum condition).

See paragraph 5.3 for derivation of rib ratio concept. Using tables provided

in "Rock Tunneling with Steel Supports"(3), the theoretical support spacing

required for the same size rib as used in a given study tunnel section was
determined for the datum condition. Rib Ratio is then obtained by dividing

this theoretical spacing by the actual spacing and multiplying the answer by




100. For instance, if the theoretical spacing of a 6 WF 25 rit; was deter-
mined to be 2 feet, for the datum condition, and the actual spacing of the
same rib used in the study sample was 5 feet, the RR would then be 40, Or
expressed otherwise, the sample tunnel used only 40% of the support re-
quired for the datum condition. Rib ratios for tunnels with widely spaced
support would be low, and zero where no support was used,

It is apparent that different size tunnels, although having the same
calculated RR, would require different weight or size of ribs for equivalent
support. The rib ratio can be used as a common basis for correlating
RSR determinations with actual or required support installations.

Charts were prepared which showed the relation between determined
RSR values and corresponding rib ratios. RSR values were plotted on the
vertical axis, respective rib ratios on the horizontal. Each chart was eval-
uated by determining the number of sample points falling within or near an
envelope of curves developed for the average graph of all plotted points.
Since rib ratios remain constant, it was possible to see what effect varia-
tions in weighted values assigned to different geologic factors or parameters
used in RSR evaluations would have on the developed curve. Figure 1,2
shows the resultant graph plotted with respect to RSR and RR values deter-
mined for approximately 80 sample tunnel sections. The relatively narrow
width of the band of these sample points, comprising the 90% envelope,
indicates a reasonable degree of correlation. Assuming that the RSR evalua-

tion did in fact reflect actual quality of the rock structure, it can be conclud-~




ed that points falling above the average curve represent tunnels which were

"over-supported" and those below, the curve; those tunnels in which mar-
ginal support was used. Most exceptions to the plotted envelope were
shown to be in the "over-supported" category.

Using the equation for the average curve shown on Figure 1.2 it is
possible to determine numerical rib ratios corresponding to different RSR
values. Some typical relations at various RSR values are show below:

RSR Values and Rib Ratios

(Based on average curve equation - Figure 1,2)
(RR + 70) (RSR + 8) = 6000

RSR |27|30|35 |40 l45|50|55|60|65|70|77

RR |100|88|70|55|43|33|25|18|12|7|0

Rock structures with RSR values less than 27 would require heavy
support; those with ratings over 77 would probably be unsupported. Struc-
tures with ratings between 27 and 77 would require varying amounts of ground
support,

The rib ratio basically defines an anticipated rock load by consider-
ing the vertical load carrying capacity of different sizes of steel ribs, conse-
quently the RSR values can be expressed in terms of unit rock loads for vari-
ous sized tunnels. Derivation of this empirical relationship is given in

paragraph 5.5, Typlcal results are shown below:

1-13
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Correlation of RSR with Rock Load
and Tunnel Diameter

Tunnel Rock Load in Kips per sq. ft. (Wr.)
Diameter 1.0 Ls 2.0 40 6.0 8.0
D (Ft)_ RSR VALUES

12 55.0 47,7 4]1.9 U7.:2 - -
16 59.5 53.0 47,7 33.2 24,7 -
20 62.5 56.8 51.9 38.0 29.4 =
24 64.7 59.'5 55.0 41.9 33,2 27,2
28 66.3 6l.6 57.0 45,0 36.5 30.4
30 66.9 62.5 58.6 46.4 38.0 31.9

1.5 DETERMINATION OF SUPPORT REQUIREMENT

Requirements for a particular steel rib are usually expressed by the
rib spacing determined for different rock loads and size of tunnels. The
theoretical rib spacing determined for the datum condition reflects a rib
ratio of 100 and corresponding RSR value of 27. Rib spacings for other RSR
values (or equivalent rock loads) vary proportionately from the datum spacing
as the inverse ratio of the respective rib ratios. The following example
shows typical rib sizes and required spacing with respect to various RSR
values and tunnel diameters of 16 and 20 feet,

Rib Spacing (ft) Based on RSR Values
and Tunnel Diameter

Tunnel Diameter

RSR 16 Feet 20 Feet
Value Steel Rib Spacing
6H15.5 6H25 B8WF3l 6H 20 8WF 31 BWF 48

27 1.4 2.2 3.2 1.2 2.1 3.3
30 1.6 2.6 3.7 1.4 2.4 3.8
35 2.0 3.2 4,6 1.7 3.1 4.8
40 2.6 4,1 5.9 2.2 3.9 6.1
45 3.3 5.2 769 2.8 5.0 7.8

e




RSR 6HIS.5 6H25 B8WF3l 6H 20 SWF 31 8WF 48

50 4.3 6.8 - 3.6 6.5 =4
55 5.7 - = 4.8 - -
60 7.9 = = 6.7 = =

Historical data were found not sufficient to make reasonable correlation be-
tween rock structure and the use of rock bolt or shotcrete type of support.
However, an appraisal of rock bolt requirements (spacing or pattern) can be
made by considering rock loads with respect to the tensile strength of the
bolt. This is a very general approach; {t assumes adequate anchorage and
that all bolts act in pure tension, only. It does not allow for interaction
between adjacent blocks nor assumption of compression arch formed by the
bolts. These and other conditions would probably be evaluated in detail
design, but for purposes of the RSR evaluation the following relation is used
for one inch rock bolts with a working stress of 24,000 psi.

Spacing or pattern of bolts (in feet) =4"W“r

Where Wr = rock load in kips per sq. ft.
Although shotcrete support has been successfully used under many
varied conditions, there is still no accepted theory to date as to its ultimate
effect as a structural member. Most applications have been made on basis
of rules-of-thumb, Various studies such as Sutcliffe and McClure (4) and
Lauffer (5) have indicated a general relationship between thickness of shot-

crete lining and other equivalent support systems. An attempt was made to

correlate available theoretical and empirical data with some standard measure

of the shotcrete requirement that could be related to geologic predictions.
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Results were negative, Consequently the following empirical relationship

is suggested. It is used in subsequent evaluations of shotcrete requirements:

Wr

=1+
t=1+ 95

Where t equals nominal thickness of shotcrete lining in inches and
Wr = anticipated rock load in kips per sq. ft.

The preceding paragraphs have discussed various support require-
ments and have indicated common measures by which these requirements can
be correlated with respect to geologic predictions and tunnel size. Using
this data, it is possible to develop "Support Requirement Charts" for tunnels
driven through different rock structures. A typical chart is shown as Figure
1.3. Other charts could be developed for different sized tunnels. The three
steel rib support curves shown on the chart reflect typical sizes used for the
particular tunnel diameter. Dashed portion of the respective curves indicate
conditions for which the indicated rib size would probably not be used due
to practical considerations. Curves for shotcrete and rockbolt requirements
are similarly shown,

As indicated on the chart, there are usually several support systems
which would satisfy the support requirement for most rock tunnels. The most
appropriate or economical system to use would be determined from a cost

analysis, taking into account the relative effect of each system on the over-

all tunneling process.
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1.6  SUMMARY

The prediction of ground support requirement is based on case history
data, the RSR method of evaluating rock structures, and the rib ratio measure,
The datum condition used in developing the rib ratio is not critical, and
could be changed without affecting the results, Although existing methods
or theories of determining support requirements were considered, no compar-
ative analysis was made between these and the proposed method. However,
this could be accomplished by using the intrinsic relationship between rib

ratios and rock loads. Most present support calculations consider loads in

terms of feet of rock to be supported, Height (in feet) of the unit rock




column is defined as (n (B + H)) where n is a variable factor and B and H
represent physical dimensions of the tunnel opening. Assuming the unit
weight of rock as 165 lb. per cu. ft. and that B =H =D (for a circular
tunnel) the factor "n" can be approximated by dividing rib ratios used in
this study by 100,

The support requirement chart (Figure 1.3) reflects drill and blast
tunneling operations., Although boring machines were used on several case
study projects, information was not sufficient to make a reasonable correl-
ation of support requirements between the two methods. Considering data
that was available, it is suggested that the following procedure be used to
determine support requirements for machine driven tunnels. The RSR value
would be adjusted upward to reflect a better condition of the penetrated rock
structue normally associated with the use of a boring machine. Such a

factor might be defined as shown below:

=5 10 .

£ r
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RSR ADJUSTMENT FACTOR

RSR Adjustment for TBM Operation
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For example - an RSR value of 50 has been determined for a 25 ft,
tunnel. In considering appropriate support systems for a boring machine
operation an RSR value of 58, (50 x 1.15) - would be used when entering
the Support Requirement Chart,

Subsequent sections of this report discuss additional research
undertaken to expand, modify or verify the original RSR ground support
prediction model as outlined 11 this section. The same general procedures

and methods as discussed here are used in both instances.

1-20




SECTION 2

CASL_HISTORY STUDIES

CIVIL TUNNELS

2.1 INTRODUCTION

The basic data input used in the development of the Rock Structure
Rating (RSR) concept was obtained by case history studies of previously
constructed tunnel projects. The information sought in these studies con -
sisted of three general categories: 1) physical dimensions and construction
factors, 2) geolc3y - prebid or as-built as appropriate and 3) actual ground
supports placed during construction. The degree to which these data had
been measured and recorded determined the reliability of the input. Where
one or more categories were missing the project could not be effectively
used in the study.

It was found that in general the quantitative data and quality of con-
struction records is improving, especially since 1960, The well documented
tunnel project of 1950 was an exception; today, fortunately it is not. In
addition to pre-construction geological investigations, many agencies today
use geologists to record actual ground conditions during tunnel driving.

This latter information is usually given on as-built drawings together with
construction data such as direction of drive, method of excavation, progress
achieved, ground water flows encountered and the type, location, and amount
of support. This amount of documentation is not only useful determining

cost of construction and validity of possible claims; it also forms a valuable




guide for possible future construction planning. In addition to obtain-
ing such data as described, there is a trend toward instrumentation to mea-

sure physical characteristics of the rock mass and its interrelationship with

the tunnel opening.

While this presents an optimistic picture for future fact gathering,

current studies must be based on the existing, less complete records of
the past., The format for recording data for this study evolved with the de-
velopment of the prediction concept, and is shown in final form as Figure
2.1. It allows for general tunnel data and detailed information needed for

RSR computation for individual tunnel sections.

2.2 SCOPE

The initial RSR concept was based on data obtained from study of 33
construction projects., Although fewer projects had been originally contem-
plated, it soon became apparent that the number of variables affecting
ground support requirements and the difficulty of assigning definitive values
to many of them necessitated a great variety of situations to be examined.
All tunnels whose records were made available were used if there was suf-
ficient information to determine RSR values ,» and records of actual ground
support were given. The majority of these tunnels were driven by the drill
and blast method of excavation and used steel ribs as the primary means of
ground support.

In order to refine and further develop the concept, it was decided

that additional case studies in the second year be made primarily with re-
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spect to those areas in which original data was insufficient to make realis-
tic conclusions, namely: 1) greater variety of tunne! sizes, 2) tunnels
using shotcrete or rock bolt reinforcement and 3) mining operations. Min-
ing operations will be treated separately in Section 3. Twenty new civil
tunnels were studied bringing the total to 53. These 53 tunnels have an
aggregate length of almost 200 miles, constructed mostly in the West and ]
mid-West, U. S. They range in size from 8 feet to 36 feet in diameter.
Individual tunnel lengths vary from a few hundred feet to over twenty

three miles. They have been driven through a variety of rock types and

p———

conditions from uncemented conglomerates, that could barely be called

——

rock, to the hard massive granite of the Sierras, with the nced for support
varying accordingly. The complexity of ground structure also varies from
uniform rock conditions throughout the tunnel to as many as twelve distinct-

ly diiferent geologic sections with faulted and folded conditions.

2.3 SOURCES OF INIORMATION

To acquire the necessary tunnel project records, many agencies
were contacted, The problem of support prediction is a common one in the
industry and everyone was cooperative in making their records available,
if possible. The notable exceptions, significantly, were some recently
completed projects where there was a possibility of litigation to secttle

claims of changed conditions or support requirernents. In each case where

data was obtained, it was from the owner agency or enginecr representative,

as their records are generally more complete with regard to geology and




support placement. In addition to making their records available many
people gave their personal views of the completed projects, which was

helpful in evaluation in cases of insufficient data . The following agencies

provided data for the study. Their cooperation was most helpful.
1. U. S. Bureau of Reclamation - Denver
2, U, S. Corps of Engineers - Omaha
3. Department of Water Resources - Sacramento
4. Pacific Gas and Electric Company - San Francisco
r 5. Metropolitan Water District of Southern California -Los Angeles
| 6. Sacramento Municipal Utility District - Sacramento
7. Bay Area Rapid Transit District - San Francicco

8. Board of Water Commissioners - Denver

9. Hetch Hetchy Water Supply - San Francisco

10. San Francisco Water Department - San Francisco

11, Granduc Operating Company - Stewart, B. C.

Additional information for several projects was already available
from Jacobs Associates in the form of pre-bid geologists reports, site in-
spection reports and personal knowledge.

The fifty-three tunnel projects investigated were divided from one,
up to maximum of 12 study sections, made necessary where marked geologic
differences existed between adjacent sections. Approximately 200 sample

tunnel sections were developed by this procedure., The table of Figure 2.2

lists the study projects and the general physical features of each. Numbers
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1 through 33 were studied during the first year, and 34 through 53 the

second year,

2.4 APPLICABILITY OF RECORDED DATA

Prediction based on past experience is quite common and necessary
in tunneling, whether it involves excavation progress, ground support or
muck handling. This is made necessary by the complex and varying nature
of the rock medium in which the tunneler must work. Much of the measured
success for a tunneling project is how well we apply the lessons of past
experience to new situations. The more variables a problem contains, the
more facts are needed for a solution. The possible combinations of geolo-
gic factors in determining rock mass characteristics are virtually infinite,
One objective of this study has been to simplify the number of factors to
those most important in determining rock competency, and to acquire enough
factual data through studies of case histories on which to base an empirical
prediction method of needed rock support or reinforcement. Assuming tenta-
tively that this is possible, we must recognize the fact that the method can-
not be more accurate than the data it is based on. It is necessary therefore

to evaluate these data and the methods employed to obtain and record them.

2.4.1 Physical Dimensions and Construction Factors

The most important construction factors in considering requirements

for ground support is the size and configuration of the tunnel bore and the

direction of drive with respect to the strike and dip of the jointing system




in the rock. A larger opening will require more support than a smaller one
in the same ground. Likewise, a flat back or flattened arch will require
more support than a semi-circular arch, The orientation of the strike and i
dip of the ok with the axis of the tunnel will determine whether or not
indrvidual blocks or slabs will tend to fall into the tunnel to form a stahle
back,
Generally, records of phy ical dimensions are the easiest to obtain
and the most reliable. Where neither the pre-construction, nor as-built
geology records indicated the dircction of the strike and dip an assumption
was made based on other factors “r an average value assigned to that

factor,

2.4,2 Geologic Data

The following geologic fa tors were determined to be the most impor-
tant when considering requirements of ground support:

1) Rock type and classification; 2) Rock structure {relative fault- |
ing or folding) 3) Joint strike and dip, 4) Joint spacing, 5) Condition of

joints, and 6) Ground water inflow, |

While other factors are ir portant for determining boreability, dril-
lability, and muck handling, they are not necessarily important to the
problem of support.

The sources for obtaining this information in the pre-construction

stage are:

1) Boring samples and logs, 2) Surface geology, 3) Geology




reports, 4) Historical geology, 5) Records of nearby projects, 6) Seis-
mic ctudies, and 7) Laboratoryl tests,

An attempt was made to use only such data as was available prior
to construction in determining Rock Structure Ratings. Only when such in-
formation was missing, was as-built data used to augment this determina-
tion. The available data was then reviewed for the first 33 case history

studies. A table was made Indicating what type of data was available with

an indication of how well defined it was. This was in turn used to produce
a "Reliability Profile" chart indicating the ability to define the six geologic
factors shown above from the data available. It was found that for these
studies factual data was sufficient to define geolocic factors about 50% of
the time, varying from 80% for rock type to 25% for joint spacing. In many
cases where defining data was missing the study team assumed values on
the basis of judgment of available information, Where no information was
available for a particular factor an average value was assumed.

The concept of evaluating input data was continued during the
second year for the remaining case history studies. This evaluation was
incorporated in the data recording form, Figure 2.1. Results were similar
for the 20 additional case history studies with higher ratings for more recent
projects. The current on-going field studies, which will be deszribed more
fully in Section 6, are indicative of this trend toward making more geologic
studies in the pre-construction period. When calculating RSR values for

the final predition model, the best available data was used in each case,
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whether it was pre-construction, as-built or a combination of data.

For many of the tunnels investigated having both pre-construction
and as-built geology available, there was a reasonable similarity between
the two. This was particularly true for relatively shallow tunnels in simple
rock structures. Tunnels in complex folded and faulted structures however,
such as the Harold D. Roberts tunnel (case study no. 52), showed a
marked disparity between rock conditions projected from the surface and

actual conditions encountered in the tunnel. |

2.4.3 Actual Ground Supports Used

One question that keeps recurring concems the appropriateness of
using actual supports placed in the past as a guide to a prediction model
for the future. Are we merely perpetuating the abuses of over support that
sometimes apparently exists because of contractual, monetary, or construc-
tion expediency considerations? Or, do the support systems used in the
case studies truly reflect the loads carmried ? After lengthy consideration
of this question during this two-year study the facts appear to substantiate
use of past experience records if used judiciously.

We know that the support systems investigated are conservative
because they have not collapsed. We do not know to what degree each in-
dividual case is oversupported, but given enough individual situations, and
assuming factor values to be reasonably correct, trends and patterns emerge,

A review of the RSR support graph in Figure 1.2 shows an envelope

of points rather than a thin line. We can make the general statement that




the points to the right and above the Jdverage curve are more conservative
in their load carrying capacities for a given situation than those to the

left and below the line. Given enough points and confidence in the method
we can eliminate those situations which obviously fall far outside the
range of the majority. This will be discussed further in Section 5 where
revisions to the prediction model are presented.

One fact should be born in mind: a point outside the envelope does
not necessarily imply that too much support was used, merely that the sup-
port appears conservative within the limitations of the model, The model
considers only normal vertical load with minimal side pressures. Because
of the limited nature of some facts available in the case history records,
it has not proven practical to include factors such as high in-situ stresses
or swelling or squeezing ground. Many of the points above the enve lope
do in fact represent this type of situation.

By eliminating these points from consideration we can develop an
empirical relationship closer to the norm for the majority of situations that
are covered by this model. While this relationship is still conservative
it does eliminate those extreme cases and is based on the average of the
remaining points, not the most conservative. Hopefully, increased use of
instrumentation will help to define actual loads more closely in the future.

As mentioned earlier most of the ground support used in tunnels of

the original 33 case studies was steel ribs. Only a few sections used

rock bolt reinforcement and none were supported by shotcrete. A special




effort was made during the second year to locate examples of rock bolt and
shotcrete tunnels applicable to this study. Although use of shotcrete is on
the rise in the United States there are still not many completed tunnels
available for research analysis. Those that were available were used and
one, New Melones diversion tunnel ts described later as a field study.
Through the cooperation of the U.S, Corps of Engineers office in Omaha,
records of several tunnels were made available to the study team. Six of
these tunnels as well as the Norad Extension, used as a field study were
supported in whole or part by rock bolt reinfo. ement.

It should be noted that many of the in :ial sections studied were
unsupported, This was done in an effort to define, if possible, the RSR
value where supports were considered unnecessary. It was not possible to
do this directly and this was found by interpolation and projection. To un-
derstand the reason for this situation we must consider the practical aspects
of setting supports under conditions of fairly competent rock. Even if it
should be determined that supports would be sufficient on 10 foot to 20 foot
spacing, it would be impractical because of consideration of blocking, lag-
ging, collar braces, etc, It is common practice to limit rib spacing to
about 6 feet, until support is no longer needed. In like manner there are
practical limits to rock bolt spacing patterns and shotcrete thickness.

Most of the projects investigated gave a reasonable definition of

actual supports used in terms of size, spacing, etc. Some project records

gave only approximations or total quantities in pounds where temporary




supports were a pay item, If the tunnel was short and in fairly uniform

rock, this was sufficient to develop an average RSR-support relationship,

In a longer or more complex project where geologic conditions and supports
varied, it was not possible to correlate the two without sufficient detailed
data. Where only a total pay quantity of pounds of bolts was recorded, it
was impossible to reconstruct the probable bolt pattern used. This account-

ed, in part, for the lack of such study sections in the first 33 case histories,

2.5 COMPARISON OF RESULTS OF NEW CASE STUDIES TO ORIGINAL

PREDICTION MODEL

The first 33 case studies were used to develop the original RSR pre-

diction method. This evolved in stages. At each step, factor values were
altered, eliminated or combined. New combined RSR values wera computed
for each study section and compared to the actual support (RR). These were
plotted on a new RSR vs. RR graph and the effects of the changes on the
overall pattern were noted.

The prccedure differed in the second year in that each new case
study added could be individually compared to the existing model, After
dividing the tunnel into geologic sections, known data was entered on the
forms in Figure 2,1. RSR values were found and corresponding rib ratios
(RR) and unit rock loads (Wr) computed. These were used to estimate pre-
dicted ground support which were then compared to the actual support system

used.
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Where discrepancies were found, an attempt was made to explain

them through additional record search or discussion with someone familiar
with the project. This had the effect of making each case history study in
the second year into a modified field study. In general, the correlation of
thesc studies fit the original prediction model. Observation of some of the
exceptions contributed to the decision to modify and expand the final model,
to be described in Section 5.

The particular items that these investigations highlighted as de-
serving of additional attention were:

1. Very soft or decomposed rock

2. Crushed and highly fractured rock

3. The aforementioned nebulous zone of minimal support

It is interesting to note that the first twc. items were also mentioned
in the comments of people whose aid was enlisted to evaluate the RSR

method.

In reviewing the other objectives of these additional studies the
following is noted:

The slightly deficient gap in tunnel size has been corrected in the
second year. A check of the 200 total study sections indicates an average
excavated cross sectional area of about 300 sq. ft., equal to a circular
section 20 foot in diameter or a horseshoe section 18.5 x 18.5 feet. A

typical lining would reduce this to a 16 or 17 foot tunnel, There is an even

gradation from this average down to 50 sq. ft. (8' diameter) and up to 1000
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sq. ft. (36' diameter).
As mentioned earlier, lack of sufficient tunnel data available for
either rock bolt or shotcrete reinforced tunnels did not permit the same type

of correlation possible for rib supported tunnels. Those points that could

TTTRRgS. T T em———

be plotted for such tunnel sections were based on the previously assumed
approximation of equivalent Rib Ratios and compared favorably to the plots
of rib suyported sections. These approximations therefore will be main-
tained at present for the current prediction model.

The original empirical curve was plotted using only drill and blast
excavated tunnels and a tunnel boring machine (TBM) adjustment factor
curve suggested. This adjustment factor would raise the RSR value to re-
flect a better condition of the penetrated rock struc*ure nonnally associated
with the boring machine. This factor, which varies inverooly with the dia-
meter, was used to determine adjusted RSR values for all TBM study sec-~
tions not previously used. These points also compared favorably to the
existing model and were subsequently used in establishing the new model.

Figure 2.3 shows typical rib supported and rock bolted sections

of the Flathead Tunnel in Montana during excavation. This horseshoe

shaped tunnel (case study no. 33) was excavated by drill and klast utiliz-

ing a Jacobs sliding floor.
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SECTION 3

CASE HISTORIES

MINING OPERATIONS

3.1 INTRODUCTION

This ARPA sponsored research project, as well as others in this
BurMines managed series, was directly aimed at maximizing tunneling sub-
systems for rapid excavation. It has long been realized that the greater the
need for support in a particular tunnel, the greater the impediment to rapid
excavation. Today, it is not unusual to find a tunnel boring machine (TBM)
that is capable of normal progress of 200 feet per day slowed to one quarter
of that speed in ground requiring support, anc even to 10 feet per day under
very adverse conditions. The ability to predict support requirements ahead
of the face is obviously of prime importance in the effort to maximize the
rapid excavation systems.

Extending these civil concepts of support requirements to the problems
of mining was a necessary further application of the RSR for the following
reasons., First, ground support is a problem common to all underground work
and while the type of support used in mines is often dictated by the nature
of the ore body, the need for a support prediction requirement is nevertheless
present. Secondly, there are many more miles of mine drifts than civil tun-

nels and it would help this research effort to be able to tap this wealth of

experience.




Except for mine haulage tunnels, general mining operations do not

readily lend themselves to neat lengths of geologic uniformity. The Gran-
duc Haulage Tunnel was used in Section 2 as case study no. 53 and the
Cajone Haulage Tunnels will be described later in the field studies, How-
ever, most mining operations are not readily adapted to the same type of
studies made for existing civil tunnels. There is much that can be learned
from the wide and varied experience in ground control gained in mining oper-

ations, It is fitting that this topic be treated separately.

3.2 COMPARISON OF MINING AND TUNNELING METHODS

In order to achieve a true perspective of the applicability of the
RSR concept to mining it is necessary to view objectively the similarities
and differences of mining to civil tunnels.,

The primary purpose and function of most civil tunnels is transpor-
tation from one point to another, whether it be for trains, vehicles, pedes-
trians, water supply or waste disposal. These tunnels range in size from
less than 6' to over 40', Generally they are permanent installations with
permanent lining, designed for the desired function of the tunnel. Most
tunnels, whether built for public agencies or private owners, are construct-
ed by contractors who specialize in this type of work, Temporary ground
support is generally the responsibility of the contractor as is the choice of

excavation method. The aim of the contractor is to complete the excavation

and lining as economically as possible within the time and cost framework of




his contract. With one major working area, at the face, and a comparatively
large overhead, achieving rapid advance is usually the main economic con-
sideration. To achieve this rapid progress the contractor, within limitations
inherent to the individual project, fills the heading with as many men and as
much equipment as can operate without mutual interference. The equipment
is often purchased or designed specifically for that project and often scrap-
ped on completion. The ground support methods employed are governed by
the economics involved, where cost of materials must be weighed against
ease of erection and interference with the excavation cycle.

In mining operations the objective is to remove rock and ore from
the earth in a reasonably uniform and complete manner. The size, shape
and configuration of excavation for the ore body are as varied as nature and
the inventiveness of man can make them. Figure 3.1 shows several basic
mining methods., Within the ore body, supports are temporary but a safety
necessity, and often are designed to last only as long as the life of the
mining operation, Controlled caving of the ore body or the gob after removal
of ore 1s common in certain mining methods such as block caving method (e)
open stope mining (b) and room and pillar methods (a). Where this is not
practical, the excavated area may be back-filled with waste or mill tailings,
as in cut and fill methods in a narrow vein (c) or large vertical body (d). It
is apparent that ground support with steel sets does not lend itself to these
operations in addition to being relatively expensive. Mines use timber in

some areas, because of local economies, but many have gone to rock bolts,




Classification of Underground Mining Methods
Elements of Mining (3rd edition}, Lewis and Clark: John Wiley and Sons, 1964.

FIGURE 3.1.a FIGURE 3.1.b

ROOM AND PILLAR METHOD SUB-LEVEL METHOD

FIGURE 3.1.c

CUT AND FILL METHOD

FIGURE 3.1




TIMBERED SQUARE SET
(WITH BACKFILL) METHOD

FIGURE 3.1.d

Original Surface
Caved Surfmce

BLOCK CAVING METHOD

FIGURE 3.1.e

FIGURE 3.1 (Cont'd)
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and more recently several mines use shotcrete where applicable. Mining

companies either hire miners and operate the mines themselves or contract

portions of the work directly with the miners on a crew basis while having
service and maintenance personnel on force account,

The mining operations most comparable to civil tunnels are the main
haulage tunnels and drifts, Haulage tunnels are generally driven to trans-
port ore from the mine to surface installations such as smelters. They are

essentially private railroad tunnels. Examples are the Granduc Tunnel (case

study no., 53), the Cajone Tunnels (field studies no. 2 and no. 3) and the
Henderson Tunnel of the Amax Henderson Mine, to be discussed later.
These haulage tunnels are horseshoe shaped from 14' to 24" in height and
width, and are driven and supported very similarly to civil tunnels. More
typical of mine tunnels are the drifts that are driven to reach the ore body
and to remove the ore to a shaft or portal. A single mine may have many
miles of these drifts on many levels, extending over a vertical interval of
several thousand feet. Drifts are driven rectangular or horseshoe shape in
cross section and generally vary from 8' x 8' to 14' x 14' as determined by
the choice of equipment used for driving and hauling. Figure 3.2 shows a
portion of the extensive system of drifts the Bunker Hill mine needed to de-~
velop the "J vein", This mine is in the Coeur d'Alene Mining District of
Idaho, where ore veins are generally narrow and steeply dipping. They are

worked at successively lower levels by the general method shown in Figure

3.1c, and the void left by mining the vein is backfilled with waste rock or
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mill tailings,

Speed of excavation is not the pressing problem in driving mine
drifts that it is in the heading of a tunnel. The work can be performed in
many locations simultaneously and scheduled so that a new level of develop-
ment is ready when the ore has been worked out on the previous level, It
is not unusual for two man work crews to drive two headings for maximum
efficlency, One drills the round, loads and shoots while the other mucks
out the other heading. If support is needed it may be placed by a separate
crew. In many mine drifts today the most predominant support consists of
three or four rock bolts in conjunction with fabricated steel "mats" . about
1 foot wide and 9 feet long. The mats are generally placed across the main
jointing planes. Some mines more recently have gone to shotcrete support
of drifts. Steel support practice is generally limited to main haulage adits
with a long service life or larger openings such as underground shops or

shaft entries.

3.3 MINE GEOLOGY

The major problem in predicting tunneling support requirements is
knowing the characteristics of the rock mass to be penetrated and how that
rock will react with a proposed support system. Surface geologic features
and borings currently provide most of this information, Usually this covers
only a small percentage of the entire line of the tunnel. If the rock struc-
ture is complex, or the tunnel lies at great depth, the geologist can give

only an approximation of what the tunneler will find, Long tunnels such as
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the Harold D. Roberts Tunnel (case study no. 52), may pass through several
different formations, types of rock, and degrees of competency.

Usually the tunneler will pass through a particular rock just once
and he is never quite sure what he will find just behind the existing face.,
In the few occasions where a tunnel is driven parallel and resonably close
to an existing one, the uncertainties of geologic conditions are considera-
bly reduced. The Berkeley Hills Tunnel (case study no. 34), driven through
the Hayward fault, was completed successfully largely on prior knowledge
gained in the nearby Caldecott Tunnels. The geology of the complex layered
sedimentary rock penetrated by the Carlin Canyon Tunnels (field study no.
5) is another example of reliable ground support predictions, based on near-
by parallel railroad tunnels excavated many years before.

The story of geologic knowledge at a working mine is as different
from the two parallel tunnels as they in turn are from the single tunnel.

Over the many years of development, the mine owner not only obtains a
fairly complete three-dimensional picture of the rock mass (that a tunneler
would envy), but he also has gained the experience of miles of drifts in
whichk to judge his support requirements. The biggest unknown is whether
the vein will widen out or narrow at the next deeper development level.

Even faults, like bad habits, can be recognized as drifts cross and recross
them, Most large mines have staff geologists and draftsmen who produce
detailed drawings of the mine, level by level. Most mines maintain elabor-
ate three-dimensional models which are invaluable for obtaining an overall

picture of conditions and help in planning future work. In areas such as the

3-9




Coeur d'Alene Mining District of Idaho there are several large operating
mines in close proximity and the geologic knowledge gained by each producer
augments that of the others. Much overall knowledge of rock behavior and
ore mineralization can be gained in this way.

However, the need for reliable ground support prediction is needed
in mining when either developing a new mine or when expanding an existing
mine into new and relatively unknown areas. The degree of experience with
ground support gained under known conditions through years of mine develop-
ment in one area, can rarely be duplicated in other mines. Thus the miner

has much to gain, and to contribute, in this particular field of study.

3.4 SITE VISITS TO OPERATING MINES

During the past year a joint study team consisting of a member of
Jacobs Associates and the Technical Project Officer of the Bureau of Mines
visited a total of seven mines and one mine haulage tunnel. Five of the
mines were in full operation, and two were in the development stage. While
the main objective of these visits was to study the ground support methods
used, the team also observed typical ore mining procedures in the working
mines. In each case the ground support problem at the individual mine was
discussed with one or more members of the staff, A brief description of each

of these sites follows:

3.4.1 Henderson Haulage Tunnel

This tunnel is being driven by drill and blast methods beneath the

3-10




continental divide in Colorado by a contr....: ‘o Am~x, the Dravo Corpora-
tion, It is horseshoe shaped, 18' x 18' excavated, and will be ten miles
long, connecting the Amax Henderson molybdenum mine with the Henderson
Mill, Originally it was thought to be a good prospect for a field prediction
study. The study team had the unique opportunity of discussing the project
with the owner, the contractor and the geologist who performed the original
exploration. In additionr they visited the tunnel site during construction
when approximately 2 miles had been driven. Unfortunately, this tunnel

{s representative of the worst difficulties of geologic prediction., It is in
the same general area as the Straight Creek and Harold D, Roberts tunnels,
The rock structure is faulted and folded; the tunnel is deep, averaging 2500
feet and up to 5000 feet below the surface across the continental divide;
surface outcrops are scarce. The rock found in the three miles of tunnel
driven by June 1973 bears only token resemblence to that on the surface and
has required more support than anticipated. Support is mainly provided by

steel ribs, though in isolated short sections shcicrete has been used,

(separately or supplementing steel ribs). To further complicate the problem,

several areas of squeezing ground have been encountered requiring placing
Invert struts and 8" ribs instead of the 6" ribs used elsewhere., Figure 3.3

shows a typical steel supported section in this tunnel,

3.4.2 Amax Henderson Mine

This mine is being developed to use the same block caving techniques

that has proven successful at the Climax Mine. The molybdenum ore body
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beneath Red Mountain near Empire, Colorado, varies from 400 to 800 feet In
thickness. It is contained in a sequence of rhyolite porphyries that have
invaded Silver Plume Granite, Many miles of haulage drifts, slusher drifts,
finger-raises and cross-cut diifts must be driven before caving of the ore
can begin, In June 1973, about 10 miles of such development work were
completed along with two (of the three) shafts, each about 2400 feect deep.

Drifts are driven hoseshoe shape about 14° by 14' using rubber
tired equipment; carriages mounting three drills and articulated mine-type
muckers with 5 cu. yed. front end buckets. Muck is dropped down chutes
to lower level with rail mounted muck trainsg pulled by diesel locomotives.,
Most of the drifts are unsupported., One section, through the Vasquez
Fault, required steel ribs at two-foot centers with solid steel lagging. (See
photo Figure 3,4) Fortunately, this was an exceptional case. In other arcas
requiring support, rock bolts or a 2" thick shotcrete layer have been used,
as shown in Figures 3.5 and 3.6. Shotcrete has proven so successful that
it is now used almost exclusively where support is needed in drifts. Under-
ground warehouse and shop areas are also covered with shotcrete and paint-
ed white.

In some areas, high in-situ stresses pop slabs from the vertical
sides of the hoseshoe shaped drifts until an almost circular shape is pro-

duced as a naturally stable shape.

3.4.3 Lucky Friday Mine

This mine is fairly typical of a deep mine in the Coeur d'Alene
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Mining District of northern Idaho. The following general description will

apply to the other mines and only significant differences will be noted .

The ore is found in mincralized veins and consists of lead, zinc,
silver and copper, in order of abundance, with small amounts of other mine-
rals. Lead in the form of galena, leads all other minerals combined 3 to 1,
The veins vary in thickness from | to 5 feet and occasionally to 20 feet, and
dip steeply. Mining in the Coeur d'Alene dates back to the 1880's and the
upper levels of known veins are depleted. Most ore veins mined today are
relatively deep, some over 7,000 feet below the surface.

Access to the Lucky Friday mine is typical of many mines in the
area. A work area was leveled off on the side of the hill and an adit driven
to the ore vein. A vertical shaft is then sunk to the desired working levels
and development drifts driven to the vein. The ore is mined horizontally
out about 150 feet on cither side of the stope service raise using a slusher
to pull the broken ore to the raise chute leading to the drift. On completion
of mining a horizontal slice, hydraulic backfill of tailing fines is pumped
into the void where the ore had been. When this is sufficiently compact,
the next higher working level is excavated using the (ill as a base. As the
ore is being removed, the shaft is deepened to the next development level,
usually 200 feet below. This next level is then developed so that it is
ready for mining when the previous level has been mined out.

In the Lucky Friday mine, all drift excavation equipment is present-

ly rail mounted. An overshot mucker loads a single car which is taken to
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the shaft, dumped and returned to the heading. The drifts are driven rectan-
gular about 9' x 9'. The country rock is Revett quartzite; almost white,
hard, blocky to closely jointed, with joints dipping steeply. The mineral-
ized veins are very pronounced and sharply defined. Where the rock is
closely jointed, support is provided by rock bolts and fabricated steel mats
as shown in the photo, Figure 3,7. In this mine, it was evident how this
support system could be used to its full advantage. In drifts perpendicular
to the strike, as in Figure 3.7, the mats in the arch are placed parallel to
the centerline, Where drifts are parallel to the strike, mats in the arch are
placed across the drift, In both cases sidewall mats are about 45° to the
horizontal, with top toward the heading, and bottom overlapped by the pre-
vious mat. Using 4 bolts per mat gives a bolt pattern about 3' x 3'. In
some of the other mines usin~ this type of support, bolts and mats were

placed in a regular pattern without regard to the strike and dip of the joints,

3.4.4 Crescent Mine

This mine is similar in many respects to the Lucky Friday, being
largely in Revett quartzite and utilizing the same support method of rock
bolts and mats. In deeper levels of this mine, the excavation equipment
now used is generally rubber tired. The drill carriage mounts two drifter
drills and mucking is by a front end load-haul-dump unit.

The 4000 foot long main haulage adit is at elevation 2800 and was
excavated in 1928, Mining has been carried to the 3900 level (1100 feet

below sea level) and ore is now being mined from the 4100 level (1300 feet
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below sea level). Development work is heing carried cut on the 4300 level, ‘
(1500 feet below sea level), At unventilated levels the temperature s over 1

90° and humidity almost 100%.

3.4.5 Bunker Hill Mine

The Bunker Hill Mine in Kellogg is the largest in the Coeur d'Alene
district. As in the case of several other mines, it has grown by consolidat - i

ing properties of several smaller mines for more efficient operation, The

main access adit is the Kellogg Tunrel, 9000 feet loi 1, driven betveen
1893 and 1905, Inclined shafts, roughly parallel the dip of the ore veins
at about 50° to the horizontal. Ore, men and materials travel these inclined
shafts between the adit and lower mining levels, The i ist, as in many of
these mines, is housed in an underground hoist room. With increa :ing
depths of mining, the hoists and rooms hav: grown over the years. The
latest, installed in 1945, is housed in a se mi-circular arched room. The
40' span is supported by 15" ribs @ 5' centers.

Drifts are approximately 9' x 9', supported where necessary with
rock bolts and mats. The mine reports over 100 miles of drifts. The Bunker
Hill mine is changing a portion of its mining to a trackless system with 15°

ramps to connect the lower working levels; two cu. yd. loaders are used

: for these Jonger runs, as compared to the 1 cu. yd. loaders used previously

(6).

On our inspections, a thick, more flat lying vein of high grade zinc




ore in this mine was being excavated by an overshot loader instead of the

usual slusher, Support in this area is by pre-cut timber square sets.

3.4.6 Star Mine

Although in many respects the Star Mine at Burke is similar to other
Coeur d'Alene mines, there were several unique features of particular inter-
est observed in the mine visitation. This is the deepest mine visitad, with
current mining operations 7500 feet below the surface. The rock temperature
at this level is about 110°F, Refrigerated a'r conditioning has reduced the
ambient air temperature to 76° F.

In 1969 the Star Mine experimented with a tunnel boring machine for
driving drifts. The rock through which the machine was driven was hard
blocky Revett quartzite with an average unconfined compressive strength of
29,000 p.s.i. The first section driven by TBM was about 100 feet. Except
where blocks had fallen out, the typical smooth bore produced by the machine
is evident in Figure 3.8. Rock support in this area is by rock bolts and mats
on both sides and perpendicular to center line, each mat is held by three
bolts. Mats are 4' on centers giving a bolt pattern of 4' x 4',

It was found necessai; to modify the TBM to overcome muck handling
problems and then used to drive a second section about 200 feet long., The
major problems encountered concerned muck size. Because of the hard,
brittle nature of the quartzite, blocks 6" to 9" fell out of the face. These

damaged the lubricating system and the scrapers and scoops which were not

designed for such large cuttings. Also, in the second section more fallout
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behind the face was experienced. Mine representatives felt that machine

progress and costs were reasonable when the machine was working, but

that there would have to be many changes made to tunnel boring machines

to be adaptable to mining in this type of ground.

The rock at this depth also displayed typica! Coeur d'Alene Mining

District evidence of high in-situ stresses in the form of squeezing rock and
; rock bursts. Blocking and wedging with considerable side squeeze on the
timber cap is shown in Figure 3.9. In another area, the invert heaved about
1 foot after excavation and had to be recut. Figure 3.10 shows a drift side-
wall rib where a large rock burst had occurred. Note the effect this burst
had on the rock bolts and steel mats. In some areas, rock slabbed off the

sides of the rectangular drifts to produce a more stable circular shape.

In 1967-1971, new No. 4 shaft and hoisting facilities were con-
structed at the Star Mine. The new underground hoist room on the adit 2000
level is horseshoe arch shaped 96' long 40' wide and 40° high, is supported
with rock bolts and 6" to 8" of shotcrete as shown in Figure 3.11, In addi-
tion, nearby transformer and slurry pit rooms , each about 20' wide arched
back are supported by 4" of shotcrete. The only evidence of shotcrete crack-
ing found on visitation was at shatp exterior corners and a very pronounced

crack where the country rock in the shaft area is crossed by a thin ore vein.

3.4.7 Caladay Mine Development

Work on this new mine development began in 1969 and to date con-

sists of about 5000 feet of 12’ high by 9' wide horseshoe shaped access adit,




STAR MINE —
EXAMPLE OF SIDE
SQUEEZE OF ROCK

FIGURE 3.9

STAR MINE —
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FIGURE 3.11

STAR MINE —
UNDERGROUND HOIST ROOM
SUPPORTED BY SHOTCRETE




auxilary drifts at the adit level, and an underground hoist room. The main
adit is 1n the Wallace and St. Regis formations consisting of argillite and
quartzitic fine grained metamorphic rock, less jointed than the Revett,

Most of the access adit is unsupported. Only a portal section has
timber sets and lagging. About 10% of the adit is supported by shotcrete,
reported 2" thick. Shotcrete was also used to support development drifts
where necessary. This was the only mine visited in the Coeur d'Alene dis-
trict where extensive shotcret support of adits and drifts had been practiced,
although other mines have used it in special situations, Attempts to use
shotcrete in an area covered by wire fencing and rock bolts resulted in fail-
ure of the shotcrete by not adhering to the mesh and yielded poor results,
When used on bare rock, shotcreting was successful and has stood up quite
well.

The underground hoist room is 94' long, 54' wide and 54' high with
a flat back, rock bolted and covered by 6" to 12" of shotcrete. It is the

largest underground hoist room in the area.

3.4.8 Pine Creek Mine

Pine Creek Mine is located near Bishop, California on the eastern
slope of the Sierra Nevada. It is one of the largest tungsten deposits in the
United States and is also a source of molybdenum and copper. The ore body,
a tactite, is about 4000 feet long, 3000 feet in vertical depth and up to 100
feet wide. Drifts for mine development have penetrated through surrounding

contact zones of quartz monzonite and granite with intermingled veinlets of
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quartz. Rock units are massive with few visible joints. Not ecven when
passing from one type of rock to another is a plane of weakness apparent
although the transition is usually sharp and distinct. This massive rock
permits an open stope mining method in that large flat back stopes are car-
reid in an under-cut and mill hole mining method. Stopes are 60 to 80 feet
wide and 80 to 100 feet long with few comparable sized pillars between,
Most of the drifts are driven without support. For instance, in the
Easy-Go-adit, the main mine haulage level, only 600 feet are supported by
steel sets out of a total of 12,000 feet. The Easy-Go adit is presently be-
low mining in the ore body with service raises to drifts at various working
levels above. As the stopes are mined at successively higher levels, huge
open stopes hundreds 'of feet high remain. This has created a strain on some
intervening pillars in the vicinity of these stopes, which in places is evi-

denced by the peeling of large thin slabs from the rib.

3.5 CORRELATION OF MINING OPERATION SUPPORT

The amount of time available for detailed review of support practices
along the miles of mining adits and drifts visited did not permit a comprehen-
sive classification into geologic sections. Because of the additional three
dimensional complexity of these extensive drift systems, it would take a
long time to gain familiarity with the entire mine layout to separate out simi-

lar geologic-support sections. In the mines visited it is possible to general-

ize a range of RSR values with comparison to supports used,




For the Coeur d'Alene mine drifts driven in Revett quartzite, and
where support was required, a range of RSR values was estimated at between
44 and 57. The rock bolt spacing observed varied from 3' x 3' to 4' x 4°',
To show this on the RSR vs. RR graph it was necessary to find equivalent rib
ratios for these bolt spacings. Using the relationship suggested for rock
bolts in Section 1, the weight of rock supported, and the spacing for 3/4"
bolts, is:

S = pf13.5 or wr = 13.5

Wr s?
where Wr is the unit rock load in kips per sq. ft.

and S is the bolt spacing in feet.
This can be used to estimate a rib ratio capable of supporting the same

weight of rock:

wr = DXRR or RR = 302 Wr
302 D

where D is the average of the height and width

of the drift in feet.
In the case of the Coeur d'Alene drifts, this gives equivalent RR of 50 for
the 3 x 3 pattern and 28 for the 4 x 4 pattern, Figure 3.12 shows this range
of RSR and RR values as compared to the original model envelope.

In the case of the Henderson mine, three RSR values were estimated;
1) for rock in areas not requiring support (RSR 83), 2) for areas requiring
rock bolt or shotcrete support (RSR 56), and 3) for the area of he Vasquez
fault requiring rib support (RSR 32). To find the equivalent rib ratio for the

shotcrete the weight of rock supported is found by using the suggested
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